Background: Accelerated cellular senescence within the nucleus pulposus (NP) region is a common feature of disc degeneration. Our previous work indicated that TNF-α promoted NP cell senescence. Although the intervertebral disc has been reported to be an estrogen-sensitive tissue, it is unclear whether estrogen can inhibit premature senescence of NP cells. Objective: To investigate whether 17beta-estradiol (E 2 ) can attenuate TNF-α-induced premature senescence of NP cells and the potential mechanism behind this regulatory process. Methods: Isolated NP cells and intact intervertebral discs from healthy rats were cultured with or without TNF-α, E 2 or their combination. The pan estrogen receptor (ER) antagonist ICI 182780 was used to investigate the role of ER. Direct and indirect indicators including cell proliferation, SA-β-Gal activity, telomerase activity, cell cycle, and the expression of matrix macromolecules (aggrecan and collagen II) and senescence markers (p16 and p53) were used to evaluate the premature senescence of NP cells. Additionally, intracellular reactive oxygen species (ROS) and NF-κB/p65 activity were also detected in the NP cell cultures. Results: In the NP cell cultures, E 2 significantly increased cell proliferation potency, telomerase activity and the expression of matrix macromolecules but attenuated SA-β-Gal activity, senescence marker (p53 and p16) expression and G1 cycle arrest in TNF-α-treated NP cells. Furthermore, E 2 inhibited ROS generation and phospho-NF-κB/p65 expression in the TNF-α-treated NP cells. However, the ER antagonist ICI 182780 abolished the effects of E 2 on TNF-α-treated NP cells. In the disc organ cultures, E 2 also significantly increased matrix synthesis, whereas it decreased senescence marker (p53 and p16) expression, which could be abolished by the ER antagonist ICI 182780. Conclusion: The interaction between E 2 and ER can attenuate TNF-α-induced premature senescence of rat NP cells through interfering with the ROS/NF-κB pathway.
Introduction
Intervertebral disc degeneration (IDD) is a potential contributor to low back pain (LBP). Epidemiology data demonstrate that approximately 80% of adults suffer LBP during their lifetime [1] . Due to the underappreciated pathogenesis and unsatisfactory therapeutic results [2, 3] , disc degeneration has become a research focus worldwide. Disc degeneration is regarded as a natural process of disc aging [4, 5] . Additionally, accelerated aging of nucleus pulposus (NP) cells is one of the Ivyspring International Publisher major cellular processes associated with disc degeneration [6, 7] . Previous studies have demonstrated that senescent disc cells increased with advancing disc degeneration and accumulated in herniated discs [8] [9] [10] . In addition to cellular senescence, the inflammation process is another pathological phenomenon that becomes aggravated with advancing disc degeneration [11] [12] [13] [14] [15] [16] [17] . As a typical inflammatory cytokine, TNF-α can increase the generation of reactive oxygen species (ROS), which interacts with several signaling molecules along cell apoptosis and cell proliferation pathways, such as the common nuclear factor-κB (NF-κB) pathway [14, 18] . In the previous study, we found that the inflammation cytokine TNF-α can significantly promote premature senescence of NP cells. Similarly, premature senescence of other cell types is also related with increased inflammatory cytokines [19, 20] . Based on these facts, we deduced that the inhibition of inflammatory cytokine-induced senescence of NP cells may be a possible strategy for the prevention and treatment of disc degeneration.
Recent evidence has indicated that sex hormones can influence the severity of disc degeneration [21] . A previous study demonstrated that female discs appear to degenerate at a notably faster rate than male discs between the age of 50 and 60 years [22] . Moreover, estrogen supplementation tends to increase disc height in post-menopausal women [23] , whereas female rats easily developed disc degeneration after undergoing ovariectomy [24] . Additionally, 17beta-estradiol (E2) is able to inhibit apoptosis of disc cells and promote the proliferation of disc cells [25] [26] [27] [28] [29] . Taken together, these studies confirm that intervertebral discs are estrogen sensitive tissues and indicate that estrogen may play a protective role against disc degeneration.
It is currently unknown that whether estrogen can inhibit premature senescence of NP cells. Because we found that the inflammatory cytokine TNF-α can promote premature senescence of NP cells in our preliminary work, the present study primarily sought to investigate whether E2 can attenuate TNF-α-induced senescence of NP cells in disc NP cell cultures and intact disc organ cultures. The estrogen receptor (ER) antagonist ICI 182780 was used to investigate the role of ER in this regulatory process. NP cell senescence was analyzed through various direct or indirect parameters, including cell proliferation, telomerase activity, cell cycle, SA-β-Gal activity, expression of matrix macromolecules (aggrecan and collagen II) and senescence markers (p16 and p53). The intracellular ROS and the activity of the NF-κB pathway were analyzed to investigate the possible mechanism underlying the protective role of E2 against TNF-α-induced NP cell senescence.
Materials and Methods

Part 1: NP cell culture study
Isolation and culture of NP cell
Twenty-five Sprague-Dawley rats (male, 250 g and 6-8 weeks old) were used according to the role of the Ethics Committee at Southwest Hospital affiliated to the Third Military Medical University [SYXK (YU) 2012-0012]. Female rats were not chosen to avoid interference of the menses cycle. Briefly, the lumbar discs (L1-L5) were removed under sterile conditions after the rats were sacrificed with excess carbon dioxide inhalation. Thereafter, the innermost NP tissue was harvested under a dissecting microscope. After sequential enzymatic digestion with 0.25% trypsin for 5-10 minutes and 0.25% type I collagenase (Sigma) for 20-25 minutes, the NP cell pellets were collected and re-suspended in monolayer culture with DMEM/F12 medium (Hyclone) containing 10% (v/v) fetal bovine serum (FBS, Gibco) and 1% (v/v) penicillin-streptomycin (Gibco) under standard conditions (37°C, 21% O2 and 5% CO 2 ). The culture medium was changed every 3 days, and the NP cells were subcultured at a ratio of 1:3 after reaching 80% confluence. Because in vitro subcultivation can lead to senescence of NP cells [30] , the passage 2 (P2) NP cells were used in this study.
Grouping
TNF-α is a typical inflammatory cytokine within degenerated discs [31, 32] and TNF-α (10 ng/mL) can induce the premature senescence of NP cells according to our preliminary work. Therefore, TNF-α was added to the culture medium to induce premature senescence of NP cell in this study. To investigate whether estrogen can inhibit TNF-α-induced NP cell senescence and to elucidate the role of ER, the following groups were designed in this study. Group 1 was treated with PBS as a control. Group 2 was treated with 10 ng/mL TNF-α. Group 3 was treated with 10 ng/mL TNF-α and 10 -7 M E 2 . Group 4 was treated with 10 ng/mL TNF-α, 10 -7 M E 2 and 10 μM ICI 182780. Concentrations of E 2 and ICI 182780 were selected according to previous studies [28, 33] . Because menopause plays an important role in promoting disc degeneration, we also selected an E 2 concentration of 10-7 M because it represents estrogen serum levels in premenopausal women [34] .
CCK-8 assay
NP cells were seeded in 48-well plates (4×10 3 cells/well) and incubated with different test compounds for 24 and 48 hours, respectively. Then, after NP cells were incubated with fresh medium containing CCK-8 working solution (Beyotime, China) for 2 hours, the absorbance at 450 nm wavelength was measured to indicate cell proliferation potency using an automatic microplate reader (Thermo).
SA-β-Gal activity
NP cells were seeded in 6-well plates and incubated with different test compounds for 24 hours. Then, SA-β-Gal staining was performed using a Senescence β-Galactosidase Staining Kit (Beyotime, China) and the SA-β-Gal staining-positive NP cells were observed under a light microscope (Olympus BX51). SA-β-Gal activity was expressed as the percentage of SA-β-Gal positive NP cells.
Telomerase activity measurement
NP cells were seeded in petri dishes (10-cm diameter 1.0×10 4 cells per dish) and incubated with different test compounds for 24 hours. After NP cell pellets were lysed and centrifuged to collect the supernatant, telomerase activity (IU/L) was measured using a telomerase (TE) ELISA kit (Mlbio, China) according to the manufacturer's instructions.
Cell cycle analysis
NP cells were seeded in petri dishes (10-cm diameter, 3×10 4 cells per dish) and grown to 70-80% confluence. After serum-starvation for 4 hours, NP cells were incubated with different test compounds for 24 hours. Thereafter, the NP cells were digested with trypsin (0.25% without EDTA, Gibco) and centrifuged to collect the cell pellets. After fixation with 75% ethanol and staining with propidium iodide dye (50 ug/ml, Beyotime, China) for 30 minutes, NP cells were subjected to flow cytometry analysis. The cell cycle of each group was analyzed using multicycle software (Japan PHENIX Company).
Intracellular ROS measurement
The intracellular ROS content of the NP cells was measured using a reactive oxygen species assay kit (Nanjing Jiancheng Bioengineering Institute, China) according to the manufacturer's instructions. Briefly, after incubation with different test compounds, NP cells were incubated with DCFH-DA (10 μM) for 40 minutes. Then, the NP cells were harvested by digestion with 0.25% trypsin and 10 5 cells in each group were used to measure the intracellular ROS expressed as fluorescence intensity at an excitation/emission wavelength of 490/585 nm.
Real-time PCR analysis
The gene expression of senescence markers (p16 and p53) and extracellular matrix (aggrecan and collagen II) was analyzed by real-time PCR. Briefly, after NP cells were incubated with different test compounds for 24 hours, 1 μg RNA extracted using Tripure Isolation Reagent (Roche) was synthesized into cDNA using a First Strand cDNA Synthesis Kit (Roche). Then, a reaction system containing cDNA, SYBR Green Mix (TOYOBO) and primers ( Table 1) was subjected to real-time PCR machine (CFX96 Real-Time System, Bio-Rad). β-actin was used as an internal reference, and the relative gene expression was expressed as 2 -△△Ct .
Immunocytochemistry staining
Expression of matrix macromolecules (aggrecan and collagen II) and ERs (ERα and ERβ) was analyzed by immunocytochemistry. Briefly, NP cells were first fixed with 4% paraformaldehyde and blocked with 5% bovine serum albumin. After incubation with primary antibodies (ERα: Proteintech, 21244-1-AP, diluted 1:100; ERβ: Abcam, ab3576, diluted 1:200; aggrecan: Novus, NB120-11570, diluted 1:200; collagen II: Abcam, ab34712, diluted 1:200) at 4°C overnight and incubation with the corresponding secondary antibodies conjugated with HRP (ZSGB-BIO, China, diluted 1:200) at 37°C for 2 hours, color development was achieved using diaminobenzidine (DAB). Finally, the NP cells were observed under a light microscopy (Olympus BX51, Japan) and immunostaining intensity was analyzed using Image-Pro Plus software (Version 5.1, Media Cybernetics, Inc.).
Western blotting analysis
The protein expression of senescence markers (p16 and p53), matrix molecules (aggrecan and collagen II), NF-κB p65, phospho-NF-κB p65 and ERs (ERα and ERβ) was analyzed by Western blotting assay. Briefly, NP cells were incubated with different Table 1 . Primers of target genes.
test compounds for 24 hours, and the total protein was extracted using RIPA solution (Beyotime, China). Then, the protein samples were subjected to SDS-PAGE system and transferred to PVDF membranes. After incubation with primary antibodies (NF-κB p65: Beyotime, AV365; phosphor-NF-κB p65: Beyotime, AV371; p16: Novus, NBP2-37740; p53: Proteintech, 10442-1-AP; β-actin, Proteintech, 60008-1-Ig. All diluted at a ratio of 1:1000) at 4°C overnight and incubation with the corresponding secondary antibodies (ZSGB-BIO, China, diluted 1:2000) at 37°C for 2 hours, protein bands were visualized using a SuperSignal West Pico Trial Kit (Thermo). Finally, protein expression normalized to β-actin was analyzed using Image J software (National Institutes of Health, USA).
Part 2: Intact disc organ culture study
Disc harvest and organ culture
Twelve Sprague Dawley rats (male, 350 g and 12 weeks old) were used in this experiment. According to previous methods, lumbar discs (N=4/animal, L1-L5) were separated under sterile conditions. Then, as much vertebral bone as possible was removed under a dissecting microscope. After being washed with phosphate buffer solution, the discs were placed in 6-well plates and maintained for 10 days in DMEM/F12 (Hyclone) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (Hyclone) under standard conditions (37°C, 21% O2 and 5% CO 2 ). In general, four groups in this experiment were designed as follows: Group 1 was treated with PBS as a control. Group 2 was treated with 200 ng/mL TNF-α. Group 3 was treated with 200 ng/mL TNF-α and 10 -7 M E 2 . Group 4 was treated with 200 ng/mL TNF-α, 10 -7 μM E 2 and 10 μM ICI 182780. All test compounds were added along with the culture medium for 10 days. Because the substance diffusion distance into the central NP region is relatively large for organ-cultured intact disc, a higher TNF-α concentration (200 ng/mL) than that used in the cell culture was chosen for the organ-cultured rat discs according to a previous study [35] . In light of the difference between different disc levels, discs from the same levels were used for the same assays in this study. For example, the same 3 discs (L1/2 or L2/3) from different animals were used for the western blotting analysis.
Real-time PCR and western blotting assay
After 10 days, the inner most NP tissue was removed under a dissecting microscope. Then, real-time PCR and western blotting assays were performed as described above to analyze the gene expression and protein expression of matrix macromolecules (aggrecan, Santa Cruz, sc-16492, diluted 1:500; collagen II, Abcam, ab34712, diluted 1:1000) and senescent markers (p16 and p53), respectively.
Biochemical content measurement
After the inner most NP tissue was removed at day 10, the wet weights of the NP tissue used for glycosaminoglycan (GAG) content and hydroxyproline (HYP) content quantification were immediately measured using a precision electronic autobalance. Thereafter, the NP tissue used for GAG content measurement was digested with papain solution for 12-15 hours at 60°C. Then, GAG content normalized to the tissue wet weight was analyzed using a dimethylmethylene blue (DMMB) assay [36] in which shark cartilage chondroitin sulfate was used as a standard. HYP content as a measure of collagen content was determined using a HYP quantification kit (NanJing JianCheng, China).
Immunohistochemistry assay
After incubation with different test compounds, the discs were sequentially fixed with 4% paraformaldehyde for 24 hours, decalcified with 10% ethylenediaminetetraacetic acid (EDTA) for 10 days, embedded in paraffin and sectioned. Thereafter, the prepared 5-μm-thick cross-sections were used for immunostaining of aggrecan and collagen II as described above.
Statistics
Significant difference was analyzed using SPSS 13.0 software. All quantitative data were expressed as the mean±SD of three independent experiments in this study. When the homogeneity test for variance was completed, comparisons among multiple groups were performed using one-way analysis of variance (ANOVA) followed by LSD post hoc test. A significant difference was indicated for a p-value<0.05.
Results
Part 1: Results of the NP cell culture study
Identification of ERs (ERα and ERβ) expression in NP cells
Because the role of the interaction between E2 and ER was investigated in this study, we first analyzed whether ERs (ERα and ERβ) are expressed in NP cells. In line with previous studies [25, 28] , the immunocytochemistry assay indicated cytoplasmic localization of ERα and ERβ in the NP cells. However, no significant difference in ERα expression or ERβ expression was found among these four groups in the western blotting assay, indicating that E 2 , TNF-α and antagonist ICI 182780 do not affect ER expression of NP cells in this study.
E 2 significantly promoted proliferation of TNF-α-treated NP cells
Senescent cells often have limited cell proliferation potency. NP cell proliferation in each group was analyzed via CCK-8 assays. As shown in Figure 2 , the proliferation potency of TNF-α-treated NP cells was significantly decreased compared to the control group. However, E2 increased the proliferation potency of TNF-α-treated NP cells. When the ER function was inhibited by the antagonist ICI 182780, the effects of E 2 on the proliferation potency of TNF-α-treated NP cells were significantly prohibited.
These results suggesting that E 2 could attenuate the inhibitory effects of TNF-α on NP cell proliferation through ER function. E 2 reduced SA-β-Gal activity of TNF-α-treated NP cells SA-β-galactosidase staining is a useful assay for identifying senescent cells. Compared to the control group, TNF-α significantly increased the number of SA-β-Gal positive-stained NP cells, whereas E 2 markedly abolished the effects of TNF-α on SA-β-Gal activity of the NP cells (Figure 3 ). The addition of ICI 182780 into the culture medium significantly increased the SA-β-Gal activity in E 2 -treated NP cells. Taken together, these findings indicate that ER was involved in the effects of E 2 on the SA-β-Gal activity of TNF-α-treated NP cells. Figure 4 shows that TNF-α significantly decreased the telomerase activity of the NP cells compared to the control group, whereas E 2 significantly increased the telomerase activity of the TNF-α-treated NP cells. When the ER function was antagonized by ICI 182780, the telomerase activity of the E2-treated NP cells was markedly decreased. These results demonstrated that TNF-α E2 can significantly decrease the telomerase activity of TNF-α-treated NP cells through ER function. E 2 decreased the percentage of G1 phase TNF-α-treated NP cells G1 cell cycle arrest is another important characteristic of senescent cells. To fully study the effects of E 2 on TNF-α-induced NP cell senescence, we analyzed cell the cycle in this study. As shown in the Figure 4 , TNF-α-treated NP cells were easier to arrest in the G1 phase than that in the control group ( Figure  5 ). E 2 could attenuate the G1 phase arrest of NP cells treated with TNF-α. However, the ER antagonist ICI 182780 abolished the effects of E 2 on the NP cell cycle. These findings suggest that TNF-α can inhibit NP cell growth whereas E 2 can attenuate TNF-α-induced cell cycle arrest in NP cells.
E 2 increased the expression of matrix macromolecules in TNF-α-treated NP cells
Attenuated matrix synthesis is regarded as a senescence-associated cellular phenotype. Previous studies have demonstrated that senescent cells have limited anabolic metabolism [37, 38] . In this study, we also investigated matrix synthesis in NP cells by evaluating the gene expression and protein deposition of matrix macromolecules (aggrecan and collagen II). As shown in Figure 6 , though matrix molecule (aggrecan and collagen II) expression and matrix deposition were decreased in the TNF-α-treated NP cells, E2 significantly abolished the inhibitory effects of TNF-α on matrix molecule expression and matrix deposition. Additionally, the inhibition of ER function by ICI 182780 significantly decreased matrix molecule expression and matrix deposition in the E 2 -treated NP cells. Collectively, these results indicate that E 2 can promote matrix synthesis in TNF-α-treated NP cells through ER function. 
E 2 decreased the expression of senescent markers in TNF-α-treated NP cells
Because p53 and p16 are two classic markers of cell senescence, their gene and protein expression were investigated. Consistent with our previous work (unpublished), TNF-α significantly up-regulated the expression of p53 and p16 compared with the control group at both the gene and protein levels in this study. However, E2 decreased the expression of both p53 and p16 in NP cells treated with TNF-α. As expected, suppression of ER function also markedly abolished the inhibitory effects of E 2 on expression of senescent markers in TNF-α-treated NP cells ( Figure  7 ). Taken together, these results again indicate that the interaction between E 2 and ER can attenuate TNF-α-induced NP cell senescence.
E 2 decreased ROS generation and NF-κB activity in TNF-α-treated NP cells
Inflammatory cytokines can lead to the generation of ROS, which is regarded as an intracellular messenger of NF-κB activation. Activation of NF-κB has been reported to promote the expression of molecules that regulate various cellular processes, including proliferation, growth and adhesion. [14, 18] . As shown in Figure 8 , the inflammatory cytokine TNF-α can significantly increase ROS generation in NP cells, whereas E2 markedly decreased ROS generation in TNF-α-treated NP cells. As expected, the effects of E 2 on ROS generation were reversed by the ER antagonist ICI 182780. Then, we further analyzed the NF-κB activity of NP cells in each group. The result indicated that NF-κB activity in the TNF-α-treated NP cells was increased compared with that in the control NP cells, whereas NF-κB activity in the TNF-α-treated NP cells was also inhibited by E2 incubation. Moreover, the effects of E 2 on NF-κB activity were also inhibited by the ER antagonist ICI 182780. Combining these findings with the inhibitory effects of E 2 on the TNF-α-induced senescence-associated phenotype of NP cells, we speculated that the ROS/NF-κB pathway may be involved in the protective effects of E2 against TNF-α-induced NP cell senescence. 
Part 2: Results of the ex-vivo disc organ culture study
The disc organ culture system is regarded as a preferable platform for studying NP cell biology because disc NP cells are maintained in their natural matrix environment [39] . To further verify the protective effects of E 2 on the TNF-α-induced premature senescence of NP cells, we performed an ex-vivo disc organ culture study. As shown in Figure  9 , TNF-α promoted premature senescence of NP cells in the disc organ culture, which was indicated by the decreased GAG and HYP contents, down-regulated matrix macromolecule (aggrecan and collagen II) expression, attenuated immunostaining of matrix protein (aggrecan and collagen II) and increased senescence marker (p16 and p53) expression within the NP tissue. Similar with the NP cell culture study, all these effects of TNF-α on the NP cells were restrained by E2 to some extent. However, the ER antagonist ICI 182780 in turn significantly abolished the protective effects of E 2 . Taken together, these results of the rat disc organ culture indicate that interactions between E 2 and ER can attenuate the TNF-α-induced senescence-associated phenotype of NP cells. Figure 9 . 17beta-estradiol (E2) down-regulated the expressions levels of senescence markers (p16 and p53) and matrix macromolecules (aggrecan and collagen II) and decreased matrix protein (aggrecan and collagen II) deposition and biochemical content (GAG and HYP) within the nucleus pulposus (NP) tissue from the ex-vivo organ-cultured rat discs. Rat discs were organ-cultured for 10 days in different test compounds. A: gene expression of senescence markers (p16 and p53) and matrix macromolecules (aggrecan and collagen II). B: protein expression of senescence markers (p16 and p53) and matrix macromolecules (aggrecan and collagen II). C: immunohistochemical staining of aggrecan and collagen II. D: GAG and HYP content measurement. Data are expressed as the mean±SD (n=3). *: significant difference between two groups (p<0.05).
Discussion
Cellular senescence accumulation within the disc NP tissue is a classical pathological phenomenon during disc degeneration [40] . In line with other studies on the relationship between inflammatory cytokines and cellular senescence, we previously found that the inflammatory cytokine TNF-α could promote premature senescence of NP cells (unpublished). Several previous clinical studies have indicated the connective tissue of the intervertebral disc is negatively affected by estrogen deficiency, whereas it is positively affected by estrogen supplements [21, 23] . However, the underlying molecule mechanisms are not well studied. To our knowledge, this is the first study to report the effects of estrogen on TNF-α-induced premature senescence of rat NP cells. We speculate that E2 may attenuate TNF-α-induced premature senescence of NP cells through the function of ER. To elucidate this hypothesis, a series of experiments were performed using the NP cell culture system and the ex-vivo disc organ culture system in the present study.
In this study, TNF-α could induce premature senescence of rat NP cells based on cell proliferation, cell cycle, telomerase activity, SA-β-Gal activity and the expression of matrix macromolecules (aggrecan and collagen II) and senescence markers (p53 and p16), which is in line with our preliminary study (unpublished).
However, E2 attenuated the senescence-associated phenotype in TNF-α-treated NP cells. Moreover, the ER antagonist ICI 182780 abolished the protective effects of E 2 against TNF-α-induced premature senescence of NP cells. Inflammatory cytokine TNF-α, as a cellular stress factor, can lead to the generation of ROS, which in turn activates several signaling molecules along cell apoptosis and cell proliferation pathways, such as NF-κB. In this study, we found that the interaction between E2 and ER can significantly decrease ROS generation and NF-κB activity. Taken together, our results demonstrated that the interaction between E 2 and ER attenuated TNF-α-induced premature senescence of NP cells, and that the ROS/NF-κB pathway may be an important regulatory mechanism behind this process.
In light of the accumulation of senescent disc cells within degenerated discs [8, 10] , a comprehensive description of the senescent disc cells is necessary. Conventionally, senescent cells often display decreased cell proliferation ability, increased SA-β-Gal activity and marked G1 cell cycle arrest [41, 42] ; therefore, we used the CCK-8 assay, SA-β-Gal staining and cell cycle analysis to evaluate NP cell senescence in this study. The results showed that E2 increased cell proliferation potency, decreased SA-β-Gal activity and inhibited G1 cell cycle arrest in NP cells treated with TNF-α. Because TNF-α is one type of main inflammatory cytokine within degenerated discs [13, 17, 31, 32, 43] , our results indirectly indicate that E2 can attenuate the premature senescence of NP cells surrounded by an inflammatory microenvironment. In line with the presented protective effects of E 2 on NP cells, previous studies also demonstrated that E 2 could retard the senescence of other cells including mesenchymal stem cells, chondrocytes, vascular epithelial cells and vascular smooth cells [34, 44, 45] . Additionally, E 2 can also inhibit apoptosis of disc cell and increase the proliferation potency of disc cells [25] [26] [27] [28] . All these studies indicate that E 2 partly plays a protective role in disc biology.
Though senescent cells are viable and also metabolically active, their expression profile of catabolic enzymes is substantially altered, which may affect normal extracellular matrix production within the tissue [37, 38] . In this study, though the expression of matrix macromolecules (aggrecan and collagen II) was down-regulated by the inflammatory cytokine TNF-α, E2 could up-regulate the expression these matrix macromolecules in TNF-α-treated NP cells. Similarly, in other research fields [46, 47] , E 2 has also been shown to increase the production of glycosaminoglycan and collagen, which are basic components of intervertebral discs. On the other hand, the decline in natural matrix content is a common outcome both in the degenerated and aged discs [48, 49] . Because the changes of matrix synthesis within disc tissue can significantly affect the shape and biomechanics of intervertebral discs [50] , we deduced that the described effects of E2 on the basic matrix of intervertebral discs may partly explain the previous reports [23] that E 2 supplementation can increase disc height in postmenopausal women.
Theoretically, two mechanisms are responsible for cellular senescence: the telomere-based p53-p21-pRB pathway and the stress-based p16-pRB pathway [51] . Previously, several studies investigated these two senescent pathways in the disc and demonstrated that up-regulation of p53 or p16 occurred in aged or degenerated disc cells [7, 9, 52, 53] . In this study, the expression of p53 and p16 in TNF-α-treated NP cells was up-regulated compared with control NP cells, which further confirmed our preliminary findings (unpublished). However, E2 simultaneously suppressed the expression of these two senescence markers (p53 and p16) and decreased telomerase activity in TNF-α-treated NP cells. These results indicated that E 2 can attenuate the TNF-α-induced premature senescence of NP cells.
Although obvious positive effects of E 2 on TNF-α-treated NP cells were observed, these effects were significantly reversed by the ER antagonist ICI 182780, indicating that the interaction between E 2 and ER plays an important role in suppressing TNF-α-induced NP cell senescence. Previous studies have demonstrated that the inflammatory cytokine TNF-α can cause generation of ROS, which is a common step in NF-κB activation that participates in cell apoptosis and cell proliferation [14, 18, 54] . In this study, we also investigated the intracellular ROS generation and NF-κB activity to reveal the possible mechanism behind the protective effects of E2 against TNF-α-induced NP cell senescence. The results showed that TNF-α can significantly increase ROS generation and NF-κB activity in NP cells. By contrast, this can be partly reversed by the interaction between E 2 and ER. Combining this result with the inhibitory effects of E2 on TNF-α-induced NP cell senescence, it can be speculated that the interaction between E2 and ER may attenuate TNF-α-induced NP cell senescence through interfering with the ROS/NF-κB pathway.
To further verify the protective role of E 2 against the premature senescence of TNF-α-treated NP cells, we performed similar experiments using ex-vivo rat disc organ cultures. This experiment may be closer to the physiological situation because the disc NP cells are maintained in their natural matrix environment. Corresponding to the results from the rat NP cell culture system, the intact rat disc incubated with TNF-α showed increased expression levels of senescence markers (p53 and p16), down-regulated matrix protein expression (aggrecan and collagen II), decreased matrix protein deposition and decreased biochemical content within the NP tissue. In line with our study, a previous study [35] also demonstrated that TNF-α treatment of organ-cultured bovine discs caused a non-recoverable catabolic shift that was characterized by aggrecan degradation, increased matrix degrading enzymes and increased SA-β-Gal immunostaining. Furthermore, we also found that the addition of E2 to the culture medium partly counteracted the TNF-α-induced down-regulation of matrix protein expression and up-regulation of senescence markers and that the effects of E 2 were abolished by the ER antagonist ICI 182780. All these results were in line with those from the NP cell culture, further indicating that the interaction between E 2 and ER may protect against TNF-α-induced premature senescence of NP cells.
This study also has several limitations. First, classic ER is made up of two forms including ERα and ERβ. In this study, because we primarily focused on the positive effects of E2, we did not investigate which ER, either ERα or ERβ, participates in this regulatory process. This question can be answered in the future by using certain specific commercial ligands of ERα and ERβ. Second, ER knockdown experiments would help confirm the role of ER from another aspect. However, because the ER inhibitor ICI 182780 is widely used in basic research and has been proven to effectively inhibit ER function [25] , we did not further perform knockdown experiments to confirm the role of ER in the present study. If possible, the knockdown experiments will be done when we investigate which ER is involved in this regulatory process in the future research.
Based on these presented findings, we draw the conclusion that the interaction between E2 and ER partly attenuates TNF-α-induced premature senescence of rat NP cells through regulating the ROS/NF-κB pathway. This study sheds a light on the counteractive effect of E 2 on the premature senescence of NP cells and ultimately contributes to understanding the mechanism underlying the positive effects of E 2 supplementation on intervertebral discs in postmenopausal women.
